The purpose was to determine the effect of bilateral superior laryngeal nerve (SLN) lesion on swallowing threshold volume and the occurrence of aspiration, using a novel measurement technique for videofluoroscopic swallowing studies (VFSS) in infant pigs. We used a novel radiographic phantom to assess volume of the milk containing barium from fluoroscopy. The custom made phantom was firstly calibrated by comparing image intensity of the phantom with known cylinder depths. Secondly, known volume pouches of milk in a pig cadaver were compared to volumes calculated with the phantom. Using these standards, we calculated the volume of milk in the valleculae, esophagus and larynx, for 205 feeding sequences from four infant pigs feeding before and after had bilateral SLN lesions. Swallow safety was assessed using the tested and validated IMPAS (Dysphagia 28(2):178-187, 2013). The log-linear correlation between image intensity values from the phantom filled with barium milk and the known phantom cylinder depths was strong (R 2 [ 0.95), as was the calculated volumes of the barium milk pouches. The threshold volume of bolus in the valleculae during feeding was significantly larger after bilateral SLN lesion than in control swallows (p \ 0.001). The IMPAS score increased in the lesioned swallows relative to the controls, indicating substantially impaired swallowing (p \ 0.001). Bilateral SLN lesion dramatically increased the aspiration incidence and the threshold volume of bolus in valleculae. The use of this phantom permits quantification of the aspirated volume of fluid, allowing for more accurate 3D volume estimation from 2D X-ray in VFSS.
Introduction
Dysphagia, the inability to swallow safely, is a significant but overlooked problem that can result in aspiration pneumonia [2, 3] . The gold standard for quantifying the kinematics of swallowing in clinics is a video fluoroscopic swallowing study, using barium (Ba) as a contrast agent [4] . Despite the advent of 3D videofluoroscopy in recent years, 3D methods have unsolved problems, including a speed of 10 fps and high expense, which prevent the wide adoption of this method for clinical use. In addition to measuring the movements of relevant anatomical structures, this 2D technique involves both quantitative measurements and qualitative assessments of bolus volume [5] . One critical measurement is the fluid remaining in the oropharynx after a swallow, the pharyngeal residue. The amount of residue in the pharynx after a swallow is known as a predictor of subsequent aspiration [5, 6] . However, there is no validated method to quantify the aspirated volume of liquid directly, and this is usually assessed qualitatively [7] . Most studies provide an a priori measured bolus to swallow [7] [8] [9] [10] [11] [12] .
Few studies use bolus area (2D) to indirectly estimate bolus volume (3D) in the videofluoroscopic swallowing study (VFSS), as a means of evaluating the changes of bolus volume in normal and abnormal swallowing [13, 14] . Although the area can indirectly represent the volume to some extent, especially lacking a better method to evaluate the volume, it will be valuable to accurately estimate the bolus volume based on both the area and the intensity in the VFSS for both clinical and research purposes.
The superior laryngeal nerve (SLN), a branch of Vagus (CN X) plays an important role in successful swallow [15] [16] [17] . Our previous studies demonstrated that unilateral SLN lesion results in an increased swallowing threshold volume, measured by the 2D area in videofluoroscopy, and higher aspiration incidence compared to the control swallows [14, 18] . However, it is unknown whether bilateral SLN lesion would have a more severe impact on swallowing.
In this study we first developed and validated a novel radiologic phantom as the basis for a new method to quantify bolus volume. We calibrated the image intensity values of the swallowing bolus area from the 2D fluoroscopic images, using known volumes of liquid. Then we used this phantom and technique and applied them to our validated infant pig animal model of dysphagia to measure the effect of bilateral SLN lesion on the pharyngeal threshold and aspirated volume.
Materials and Methods

Phantom Study
Design of Phantom
The calibration phantom had three parts: the lid, the bottom with eight tubes that contained the barium liquid and the subsidiary parts holding the lid to the bottom (Fig. 1) . The bottom was a custom designed rectangular block of Plexiglas with 100 mm in length, 54 mm in width and 35 mm in height, with 8 counter-sunk cylindrical holes (tubes) ranging from 2 to 25 mm in depth and 15 mm in diameter. Each tube had a flat bottom and was counter-sunk from the opposite side to achieve a 10 mm thick bottom. Thus the eight tubes had the same bottom thickness. The lid is a thin plate of Plexiglas with 100 mm in length, 54 mm in width and 10 mm in height. There are 15 additional large holes, sufficient for large screw-heads and 8 small holes to fit small O-rings and small screw-heads. The large O-ring indentation in the other surface to touch the bottom part is 1 mm thick with an outer diameter of 17 mm. The subsidiary parts included 15 large screws, 8 small screws, 8 large O-rings and 8 small O-rings. All O-rings are made of standard Viton Fluoroelastomer and the screws are made of Plastic Nylon 6/6. They are used to seal the lid to the base to prevent any liquid leakage from the tubes. The holes for large screws are evenly distributed across the lid surface. The holes of the small screws are located eccentrically in the lid facing each tube. The large O-rings are placed on the tube surface between the lid and the base with 15 mm inside diameter and 17 mm outside diameter. And the small O-rings are placed into the holes to make the contact surface tight between the small screws and the lid holes with 3.2 mm inside diameter and 6.4 outside diameter. The large screws are fully threaded with 4.8 mm in depth and 6.4 mm in length. The small screws with 2.8 mm by 12.7 mm were used to expel air from the tube after tightening the lid on the bottom to eliminate any potential error due to air. The phantom was made in the Mechanic Store in the Mechanical Engineering Department, the Johns Hopkins University. 
Proof of Idea
We used a flat panel X-ray C-arm (FD20, Philips Healthcare, Best, The Netherlands) to test for accurate calculation of volume with the custom made phantom. For imaging, we set temporal resolution to be 60 frames per second and a fixed voltage of 60 kVp. The fixed voltage protocol ensured the tube voltage did not automatically change by the system during a single scanning session. The eight tubes were filled with milk at a concentration of 1/3 cup barium powder (E-Z-HD, E-Z-EM, Inc., Westbury, NY, USA) mixed with 8 oz milk replacement formula (Land O Lakes Solustart Pig Milk Replacer, St. Paul, MN). These ratios were same as the formula used in our live animal studies later. We attached the phantom bottom to the surface of the image detector with mounting strips (Command, 3M Co., St. Paul, MN, USA) so that all the tubes with barium milk could be imaged. Because the tubes have different depths, and contain different amounts of milk with barium, they will have different intensity on a radiographic image (Fig. 2) . We used ImageJ (NIH, Bethesda, MD, USA) [19] to measure the mean area intensity in each tube.
Cadaver Test
The phantom containing barium milk was imaged with a pig cadaver. This pig was female with 2-3 weeks old and came from the same farm as the pigs used in the nerve lesion studies [18] . This is also the same age, sex, weight and source for the pigs used in the validation study of the IMPAS [1] . Milk containing barium at the same concentration was placed in clear plastic pouches externally over the pharyngeal area on the neck of the cadaver. Placing the pouches internally was difficult because of the proximity of the teeth in the image. Three different pouches with known volumes (1, 2, and 3 ml) were used. Then the cadaver and phantom were imaged with the same configuration as for the phantom alone (Fig. 3) . We used ImageJ to measure the mean area intensity and the area of the eight tubes, pouch, surrounding tissue around the pouch, for the analysis of calibration described below. Transformation of the data in Fig. 2 The phantom image under videofluoroscopy with eight tubes filled with barium milk. The tubes ranged from 2 to 25 mm in depth. The phantom was attached to the detector of the X-ray machine ImageJ was done using natural logs (base e) and scales to the minimum and maximum of the image.
Calibration of Phantom
Calibration was performed as follows in four steps. (i) Calculation of the intensity attenuation coefficient (IAC) of the image. The IAC was calculated based on the relationship between the known phantom cylinder depth (represented by the barium liquid depth in each tube) and its intensity values measured in ImageJ from the original image data (Fig. 4) . The plexiglass was a constant thickness, and would have offset the calculated curves, but not impact on the slope calculations. (ii) Spatial scaling. The magnification of the videofluroscopic image was corrected by using a metal ball with known diameter (12.69) attached to the midline of the cadaver neck. Based on this scaling, we corrected the bolus area from pixel units to mm 2 . This was the bolus area. (iii) Measurement of the area and intensity of the bolus and its surrounding tissue. The bolus area and its surrounding tissue were segmented by a region growing method and mathematical morphological dilation. In ImageJ, we used the 8-connected region growing with empirically determined tolerance of 80. Then the bolus area and intensity of the region of interested were measured. Morphological dilation was employed to measure the mean intensity of the surrounding region (Fig. 3) . (iv) Calculation of the bolus volume. Due to the overlap with the surrounding tissue, the net bolus intensity was the reduction of the bolus intensity without its surrounding tissue. The formula was the bolus intensity subtracted by its surrounding tissue. Based on the IAC (R 2 ) coming from the depth-intensity curve, we could calculate the bolus density with the net bolus intensity divided by the IAC. The bolus depth multiplied by its area then results in the bolus volume.
Nerve Lesion Study
Animals
Four female pigs, 2-3 weeks old, were obtained from Tom Morris Farms (Reisterstown, MD). They weighed 4-5 kg at the time of arrival. These pigs were the same weight, age, sex and source as the pigs used in both the IMPAS validation study and the other studies on SLN lesions and feeding. The pigs were first fed using the standard protocol for studies of infant pigs [14, 18, [20] [21] [22] [23] . Prior to feeding, animals were briefly anesthetized so that radio-opaque markers could be inserted into the tongue, jaws, hyoid, epiglottis and soft palate. After full recovery from anesthesia, the animals are permitted to stand, unrestrained, in a radiolucent box, and approach the nipple for feeding. The milk containing barium is in a standard 8 oz baby bottle, fitted with a pig nipple (Nasco Inc., Fort Atkinson, WI). The animals are recorded feeding, using the same radiographic apparatus, with the same settings, as was used for the tests described above. Variation due to feeding session or day of feeding is minimal [24] .
Recording and Lesion Procedures
Control data were collected after animals were totally recovered from anesthesia. We recorded feeding in three sessions per day for each pig. Pigs ate until satiation, which took 5-10 min. After collecting sufficient control data (3 Fig. 3 To determine the area and intensity of the bolus and its surrounding tissue. The left: the barium bolus pouch put one the pharyngeal area was measured with blue circle. Its surrounding tissue was measured with yellow circle. The right: high-intensity object is the metal ball with diameter of 12.69 mm used for spatial scaling. The phantom shown on the lower left was used for the calibration of the intensity attenuation coefficient. The upper right: the setup of the Wand Tool to measure the bolus area and intensity. The lower right: the set up of the Enlarge Selection for the measurement of the bolus surrounding tissue feeding sessions, including 110 swallows), the animals were fasted overnight, prior to the surgical procedure to lesion the SLN. The procedure was identical to that for a single SLN lesion, except performed on both sides [14, 18] . The animals were placed in a deep plane of anesthesia, and under sterile conditions, an incision was made, with the aid of surgical loupes, on the lateral side, first right, and then left, to expose, the SLN. This nerve was found as it originated from the Vagus inside the carotid sheath. It ran caudally and medially on the surface of the thyrohyoid membrane beneath the omohyoid muscle. At this point, its internal sensory branch pierced the thyrohyoid membrane. We dissected the SLN close to its Vagal origin, which included both iSLN and eSLN. Thus both sensory and motor branches of SLN were lesioned. The SLN tracing procedures in the carotid triangle were performed with microsurgical instruments to avoid injury to the SLN and surrounding tissues [14, 18] . After complete recovery from anesthesia, usually 2-3 h, data was recorded from the lesioned animals (3 feeding sessions, including 95 swallows), while feeding, using the same protocol as for control feedings. The animals were given analgesics and antibiotics daily and showed no signs of distress or pain after the surgeries. Animals were maintained for no more than three days post-lesion, until sufficient data had been collected. The animals that were used in this study were part of a larger project, and publications from those studies provide additional experimental detail [14, 18, 25] . All procedures on the living animal were approved by the Johns Hopkins IACUC (Protocol Number: SW10M212).
Data Extraction
We included 205 swallows in this study. From the recorded digital images, we first outlined the bolus in the esophagus to get the bolus area and the intensity by ImageJ (Fig. 5) . Next, we measured the intensity in the empty esophagus in the same area after the bolus was propelled through shown in the right photo. With a similar method, we measured the volume in the valleculae. Finally, we compared these two volumes to determine the amount of milk aspirated into the larynx or trachea. We defined the aspirated volume by distracting the threshold volume in valleculae by that in the esophagus. The infant mammalian penetration-aspiration scale (IMPAS) depth Fig. 4 The density-intensity curve of the phantom data. The left curve line was based on original image data and the right linear line was based on log image data. The seven points came from the data of the tubes filled with barium milk with different depth ranging from 2 to 20 mm Fig. 5 The method to estimate the bolus volume in the esophagus after swallowing. We first profiled the bolus in the esophagus to get the bolus area and the intensity by ImageJ shown in the left photo. And then we measured the empty esophagus intensity in the same area after bolus was propelled through shown in the right photo. Based on the data, we used formula to get the bolus volume in the esophagus was used to measure swallow safety [26] . It is a 7-point PSA scale with score 1 equivalent to normal swallow, score 2-4 equivalent to penetration and score 5-7 equivalent to aspiration. The unit of analysis for testing differences was the swallow. For each recorded swallow (N = 205), a score was assigned based on the published criteria for this scale.
Data Analysis
For all three response variables, IMPAS score, pharyngeal volume and aspirated volume, we used a paired linear mixed-model (ANOVA). Individual was included as a random factor, and the pairing was within individual, preto post-lesion. The differences in IMPAS score were tested by first calculating an average IMPAS score, and then testing the difference using a linear model with a paired design. The pairing was intra-individual (i.e., pre-and post-lesion scores). The differences in pharyngeal volume and the differences in aspirated volume were analyzed with an equivalent linear model. One individual behaved significantly differently from the others, and the impact of this individual on the results is described in detail, below.
The unit of analysis was a single swallow, with a sample size of 205, which provides a relatively high power of analysis. By including individual as a random factor and a paired design within individuals, we have accounted for individual variation and ensured the accuracy of the results [24, 27] .
Results
Phantom Study
Proof of Idea
The image intensity of the 25 mm tube was too dark (Xrays could not penetrate to reach the detector) and unrepresentative of what is seen in vivo, so it was excluded from subsequent analysis. The relationship between the seven phantom tubes density and its original intensity values (Table 1 ) fit a log-linear line with R 2 value of 0.98 (Fig. 3) . Hence, we transformed the image data to a log measurement, using the scaled natural log algorithms of ImageJ. Based on the log image data (Table 2) , the relationship between image intensity (y) and the amount of milk containing barium (x) was linear (Fig. 4) . The IAC (R 2 ) was 0.98. The linear x-y equation was:
This means that every mm of barium milk thickness decreased the intensity by -22.52 intensity units.
Cadaver Test
The area and intensity of the bolus and its surrounding tissue as well as the metal ball diameter are shown in Table 3 .
The net surrounding tissue intensity was: The bolus depth was: Based on the equation shown above, the bolus volume measured was 3.09 ml.
Nerve Lesion Study
IMPAS
There was a significant difference in the IMPAS score between swallows in control animals relative to those in bilateral SLN (paired t test, p \ 0.001) (Fig. 6 ). The R 2 of phantom volume for both the control and lesioned groups were significant (0.96 ± 0.03 in control, 0.97 ± 0.01 in lesioned swallows).
Pharyngeal Threshold
In control swallows, the threshold volume in valleculae was 0.89 ml (sd, 0.95). After bilateral SLN lesion, the threshold volume in valleculae was 1.19 ml (sd, .42). In three subjects, the median threshold volume was larger in the lesioned swallows than the control shown (Fig. 7) . The bolus volume threshold in valleculae in the post-lesion swallows was significantly larger than the pre-lesion swallows (p = 0.004). Subject H differed qualitatively from the other pigs post-lesion. This animal was reluctant to feed, post-lesion, although not pre-lesion. It approached the nipple many times to try and feed, but drank very little, and frequently backed away from the nipple. This behavior lasted for several days without variation.
Aspirated Volume
After bilateral SLN lesion, a large amount of fluid containing barium was visibly retained in the airway and then some of the bolus went down to the trachea and bronchi. The bolus volume in esophagus after swallowing was 0.89 ml (sd, 0.22) from 3 subjects after bilateral SLN lesion. The vallecular volume was 1.19 ml (sd, 0.42). Given the qualitative behavioral differences noted above, we excluded one subject (Subject H) from aspiration calculation. This animal moved significantly while feeding, and thus the esophagus was frequently not in the frame of recording. The aspiration volume in three subjects was 0.18 ml (sd, ±0.21). The bolus volume in the esophagus was significantly smaller than that in the valleculae after bilateral SLN lesion (paired t test, p \ 0.001) (Fig. 8) . No animal coughed during feeding.
Discussion
In recent years, numerous 3D techniques have been widely developed and utilized like CT [28] , ultrasound [29] , photography [30] , etc. With 3D techniques, measurement of volume instead of area is relatively easy. For fluoroscopy imaging, biplanar techniques permit volume estimation [31] . However, high-dose radiation, expense and limited availability of equipment make biplanar fluoroscopy impractical and unethical for widespread clinical use. In this study we have shown that a custom designed phantom made it possible to calculate the 3D bolus volume in 2D VFSS with high accuracy and reliability. Relative to the biplanar fluoroscopy, the advantages of our proposed method are: (1) a much lower radiation dose, resulting in higher patient/subject safety; and (2) a cheaper and simpler approach which can easily be added to a VFSS. The limitations are: (1) clinical studies tend not to use barium powder, but commercial barium liquid. We did not test such fluids; and (2) our manual analysis was time-consuming. A semi-automated fluoroscopic analysis software could be developed in the future to facilitate the use of our methods in clinical applications. Given the high accuracy and advantages, such a custom made phantom has high potential for the clinical applications in the future, allowing researchers to study aspiration and its related risk factors quantitatively.
We have previously shown that a unilateral SLN lesion increases the estimated threshold volume of liquid for swallowing using maximum bolus area in valleculae [14] . In this study, we used a more accurate volume estimation to show that bilateral SLN lesion dramatically increased the threshold volume in valleculae. As we hypothesized in the single lesion model, the increase of threshold volume likely stems from the loss of the pharyngeal sensory input from the internal SLN lesions.
In this study, one of the animals differed significantly from all others in many aspects of behavior and function post-lesion. The change in volume for swallowing threshold in this animal after bilateral SLN lesion compared with pre-lesion swallows was consistent with the observed reluctance to feed. This animal swallowed at a much greater volume pre-lesion, and its post-lesion swallows were on the same order as the other individuals. This animal was reluctant to feed in ways that the other animals were not. Potentially, this could be explained by a standard volume being necessary to trigger the swallow post-lesion. Fig. 8 After bilateral SLN lesion, the threshold volume in valleculae and the bolus volume in esophagus after swallowing in three subjects were shown in red and blue color respectively. Subject H did not show all the esophagus image due to the moving, so we could not digitize the threshold volume in esophagus Fig. 7 The threshold volume in the valleculae in the control and bilateral SLN lesioned swallows. In three subjects, the threshold bolume was bigger in the lesioned swallows than the control This volume could be greater than normal in most animals. But animals that normally swallow at a higher volume could experience sufficient discomfort from their normal swallow volume that they become reluctant to feed at all.
One of the limitations of this study is that only one of four individuals showed this pattern. A larger number of animals is necessary to determine the frequency of this response. The sample size for this study was dictated by the unit of analysis, the swallow. Given that we also used a paired design, something that increases power significantly, the sample size was adequate [27, 32] .
The airway protection documented in this study after bilateral SLN lesion, was significantly worse than unilateral SLN lesion as measured by the IMPAS [14, 18] . One possible reason could be the dysfunctional laryngeal closure. An afferent signal arising from the internal SLN receptor field is necessary for normal deglutition, especially for providing feedback to central neural circuits that facilitate laryngeal closure during swallowing [33] . Another reason, not exclusive to the first, could lie in the increase of threshold volume in valleculae, an increase in the risk of spillage of bolus into the airway. Finally, the loss of the internal SLNs is known to cause dysfunction of the cough reflex [34] , which in turn produces a failure of airway protection.
This study also provided a robust measurement to quantitate the aspirated fluid during VFSS with our custom made phantom. Using this method makes it possible to further quantify the relationship between aspirated volume and aspiration pneumonia in the future.
Conclusion
Bilateral SLN lesion dramatically increased the aspiration incidence and the threshold volume of bolus in valleculae. The use of our novel phantom and method permit quantification of the volume of fluid aspirated. The custom made phantom and calibration allow for highly accurate 3D volume estimation from 2D X-ray images in VFSS.
